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(57) Abstract 



With an extremely short laser pulse with not 
too high an intensity it is possible to ionize deuteri- 
um, or helium into coherent bosons such as coher- 
ent deuterons and coherent alpha partides. To 
achieve this coherence it is important that certain 
critical conditions are satisfied so that plasma in- 
stabilities such as stimulated Raman scattering, sti- 
mulated Brillouin scattering, parametric instability 
have not enough time to grow to destroy the coher- 
ence. The electrons created during the multiphoton 
ionization process also must not recombine with 
the ions or to destroy the coherence of the ions by 
electromagnetic scattering. Wth the aeation of co- 
herent deuterons and coherent alpha partides to- 
gether, the fusion rate of coherent deuterons into 
coherent alpha partides will be greatly enhanced. 
The nudear fusion energy thus released can be uti- 
lized. 
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Method and Apparatus for Generating 
Nuclear Fusion Energy By Coherent Bosons 

Background of the Prior Art 
5 The interaction of a laser pulse and deuterixam 

pellets have been going on for rnamiy years in connection with 
inertia confinement fusion schemes. For example, Lawrence 
Livermore Laboratory in California has a huge laser used 
continuously on experiments of fusion* However, the duration 
10 of the laser pulse is generally of the order of a nanosecond. 
In this range of time, deuterium will be ionized into plasma, 
and the plasma will develop instabilities- Plasma insteibilities 
cire one of the most difficult problems to confront in the 
fusion community. According to the present invention, a laser 

1 5 pulse is used which is about ten thousand times or more shorter 

in duration, and the intensity of the laser pulse is much 
smaller so that plasma instabilities do not have time to 
develop. 

In the conventional inertia confinement scheme the 

2 0 idea is to increase the density of the deuterium to get the two 

deuterons closer and to increase the temperature to ignite the 
nuclear fusion. In the present invention, there is no atteitpt 
to this. Instead, utilized is the coherent effect of the 
bosons involved to enhemce the nuclear fusion rate so that 
25 nuclear fusion can be accomplished in an extremely short 
duration of time. It is desired that the deuterons stay as 
cold as possible so that their coherence is not destroyed. 

Laser pulse to ionize deuterium with one single 
photon per atom to initiate nuclear fusion utilizing coherent 

3 0 effect has been disclosed by the present inventor in U.S. 

Serial No. 338,706 "Enhanced Fusion Decay of Deuterium" (April 
12, 1990) and is further discussed in PCT/US89/02366 and 
PCT/US90/01990, all incorporated herein by reference. Ihe 
single photon then must have energy above 13.6 eV, which is the 
35 ionization energy of the deuterium atom. Such laser is 
classified as ultraviolet laser and is currently not available 
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coinmercially. Itie current scheme is to use a multiphoton 
ionizatioa mechanism to ionize deuterium so that no ultraviolet 
laser is necessary. The precise conditions for multiphoton 
ionizatioa has been determined. • 
5 This discussion is examined in two parts: 

.(li Production of coherent bosons from multiphoton 

ionization. 

(II) Enhancement of nuclear fusion rate among 
coherent bosons, vdth figure for apparatus - 
10 While discussed herein is the use of superfluid 

deuterium, other forms of deuterium may be used. The deuterium 
imist just be cold enough to achieve the results described. 
Recommended tenperatures of deuterium are from liquid helium 
temperature to room temperature or from 1° to lOO Kelvin. 

Summary of Tnvention 
Disclosed herein is a method for creating coherent 
bosons such as deuterons, or alpha particles from atoms or 
molecules such as deuterium, deuterium conpound or helium 
20 stored at a sufficiently low teinperature vftiich is to be 
determined by a critical condition by multiphoton ionization 
process. 

The multiphoton ionization is initiated by a laser 
pulse. The energy of the laser pulses after focusing must be 
25 large enough to initiate multiphoton ionization, but must not 
be too large so as to heat up the plasma created, and destroy 
the coherence. The duration of the laser pulse Btust be short 
enough so that plasma instability does not have time to grow, 
and the recombination of the ions and electrons does not have 

30 time to proceed. 

The method is for creating coherent bosons from 
superfluids by multiphoton ionization process. The coherent 
bosons can be coherent deuterons and coherent alpha particles, 
vAiereas the corresponding super£luids are superfluid deuterium 

35 and stiperfluid helium. 

The method is for creating more than one kind of 
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coherent bosons from more than one con5)Ound at low temperature 
by multiphoton ionization process. 

Disclosed is a method for the release of nuclear 
energy through the creation' of coherent deuterons • from 
5 deuterixm, or its compound at low tertperature which is to be 
determined by a critical condition by a multiphoton process. 

Disclosed is a method for the release of nuclear 
energy through the creation of coherent deuterons and coherent 
alpha particles from deuterixam or its coir^xjund with superfluid 
10 heliiam by a multiphoton ionization process. The coherent alpha 
particle induces the coherent deuterons to fuse much quicker 
into coherent alpha particles and coherent gamma ray with the 
release of nuclear energy. 

The method is for creating coherent gamma ray, which 
15 is also called gamma ray laser. 

Also disclosed is an apparatus for creating coherent 
bosons such as coherent deuterons or coherent alpha particles 
from atoms or molecules such as deuteriimi, deuteriiom coitpound 
or helixjtm stored at a sufficiently low ternperatxire which is to 
20 be detennined by a critical condition by multiphoton ionization 
process. 

The superfluid helium clusters are created by 
squeezing liquid helium in a cell through a nozzle from a high 
pressure region into a vacuum chamber. Simultemeously a 
25 deuterium cluster beam is formed by squeezing liquid deuterium 
in a cell through a nozzle from a high pressure region into a 
vacuum chamber. The two cluster beams are made to collide and 
merge into one coit5>ound cluster beam. A laser pulse is focused 
into the coitpound cluster to initiate nuclear fusion reactions. 

In the Drawings 
Figure 1 is a diagrammatic view of the invention. 



Detailed Descrip tion of the Invention 
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I. Production of Coherent Bosons froin Multiphoton Ionization 



Section (1) 
Introduction 



There are many coherent bosons in nature, such as the Cooper pair in a 
superconductor, photons from laser, heUum atoms in superfluid helium. There 
are also some investigations on coherent pions in high energy hedion 
hadron collision. Since some of tiie coherent bosons such as in superconduc- 
tivity and laser are particularly useful, it is interesting to investigate 
anodier system of coherent bosons. In particular, we wish to investigate the 
possibiUty of coherent deuterons or coherent o-particles. These coherent 
muclei may also enhance nuclear fusion.<2> particular, we want to 
investigate here tiie production of coherent bosons from multiphoton 
ionization. 

There are many experiments tiiat use short pulse laser on deuterium gas or 
solid at cryogenic temperature. There are no coherent particles reported 
being produced. It is important to work out tiie stringent condition diat 
coherent particles are produced, and tiie coherence is not destroyed unmediate- 
ly. When a strong laser pulse interacts witii say, a coherent helium cluster, 
there are many possible physical processes. 
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(1) Multiphotoa ionization. The helium atom will be ionized by multi- 
photons: 

Ny + He a + e- + e- (hi) 

For a strong enough pulse, it will be ionized in the first cycle lO'^^sec. 
Electrons will be emitted and form a plasma. The experimental condition is 
set up so that m coherent a particles are created: m coherent helium atoms: 

ny + mHe ma + m(e"+e") 

(2) Stimulated Raman Scattering (SRS) 

The laser pulse interacts with the plasma formed by electrons to create 
plasmons: 

y y + (^•^) 

<t>^ = plasmon 

In laser fusion experiments, this process is known to produce fast 
electrons and preheat the target. For the coherent a particles which are 
produced from . multiphoton ionization processes to remain coherent, it is 
important that fast electrons are not produced from SRS process to destroy the 
coherence. 

(3) Stimulated Brillouin scattering (SBS) 

The laser pulse can also interact with ions in the plasma to create 
phonons in the ion plasma: 

Y y + <f>i (1-3) 
^£ = ion acoustic wave 
It is preferable that this does not happen too fast. 
The phonons / or ion acoustic 
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wave also will heat up the ions and destroy its coherence by heating. 

(4) Parametric instability 

The laser can also create both plasmon and ions acoustic wave in the 
plasma: 

Both of these waves will heat up the plasma and could destroy coherence. 

(5) Recombination 

The ions a could also recombine with electrons and then we have no coherent 
charged ions left. The ions could recombine with electrons basically through 
either a two-body process: 

a + e- - He+ -H y 

He-«- + e- - He -J- y ^^'^^ 

or a three-body process. 

a + e" + e* HS + e" 

+ « ^ - (1-6) 

He -I- e" + e- -» He + e ^ ' 

We shall demonstrate that (1.5) and (1.6) are slow in a given experimental 
condition. 

(6) The scattering between electrons and coherent a particles 

Once the electrons are separated from the charged nuclei of the atoms by 
multiphoton ionization, they wiU scatter among themselves to thennalize and 
also scatter with the ions via Coulomb interaction. It is important that such 
scatterings do not destroy the coherence of the ions. The critical condition 
is that the electrons should not be too energetic and its density is high. 
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The process to diminish m coherent a particles to (ni+) coherent a 
particles: 

e + mar* (m-l)a + a + t' (1.7) 

is to be suppressed relative to the elastic scattering 

e + ma ma + e (1-8) 

where the coherent a particles remain to be coherent. 
(7) Coherent nuclear fusion 

The purpose of cheating coherent charged nuclei is that they might under- 
go nuclear fusion to yield nuclear energy.^^ 

m(3a) mC + my 

m(d + d) ma + my (1.9) 

The energy from these coherent fusion reactions mainly is carried away by the 
high energy gamma ray indicated by my above. We shall not discuss this in 
this paper, 

AH the conditions have to be found such that coherent charged nuclei are 
created from coherent atoms by multiphoton ionization such as (Lla) and then 
they decay/fuse to release nuclear energy such as (L9), while all the other 
processes (1.2 through 1.8) are either suppressed or are negligible. In the 
next sections, all the quantitative requirements are worked out. 
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Section (2) 

Simple model for muldphoton ionization 

Multqjlioton ionization has been studied quite extensively, theoretically 
and experimentaUy.<» The normal procedure is to use Nth order perturbation 
theory in quantum mechanics and the many different approaches depend upon what 
to use for the intermediate states. Extensive computer programs arc in 
general needed to produce numerical results that agree wth the expcdment. 
The transition rate for N photon ionization 

ny+A -» A++(n-N)y+e (2.1) 

A = any atom 
is generally expressed as 

where I is the intensity of the laser and is ^ generalized cross section. 
We notice from data (see Table 2.1) that the generalized cross section 
obeys , simple factorization 

gy-i i(j30 (2.3) 

irrespective of what atom it is. We like to construct a simple model in 
quantum field theory so that this result is derived and the transition rate 
can be ejqnrcssed in power law form as: 

X = 

= dimensionless quantity 
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T = — 
V 

y 

y* = decay width of excited atom A* decaying into electron (A"*'+e) 
= absorption cross section of photon by atom A 

7t = width of the intermediate states 
Most of the experimental results on multiphoton ionization are on absorption 
of two to five (N=2 to 5) photons per atom with N=ll for xeon atom. In our 
application^ we need some order of estimate of multiphoton ionization of 
photon up to N=67. The above Eq. (2.4) gives us a convenient estimate of 
transition rate for these higher N multiphoton ionization processes. 

The transition rate in Nth order perturbation theory is 

W = i:|^^(E,-Ei)|Tfi|2 

Tfi <(n-N)y e-A+|H(4g- h)**|A, ny> 

Inserting intermediate sates Aj of the excited atom A, we have 

where 

fao? = photon energy 

2 Muj = kinetic energy of the atom Aj with mass M and velocity Uj 
y. = width of the intermediate state Aj 
The matrix elements are assumed to be the simplest: 
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j = 1,2....N 



which are proportional to the coupling g. and gA- The kronecker deltas are 
there to ensure momentum conservation. The decay rate of the ionization 
process 

A* A++e- 

with 



A* = A, 



is 




where n* is the reduced mass 



- m"+M' 



M' = inA-™e 

m^ = mass of the atom 

= excited energy from ground state to A. 



Let us introduce the absorption cross section 



to be 
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Then the transition rate is 



W« = ^i^a'^^N y, IN 



If we take all absorption cross sections to be the same, and all the 
intermediate levels have the same mdth 

71 = 72"'= 7ti = 7t 

we obtain the Eq. (2.4) we want. 

Using (2.4) with data of Table (2.1), we can estimate numerical values 
for CjjYt y- "^cy listed in Table (2.2) for various atoms. 
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TABLE 2>1 



Experimental Values of MPI Cross Sections with Linearly Polarized Light 



Atom 



N 



k (nm) 



mm 



Measured 
value 



max 



References 





2 


528.0 


4.8x10"*" 


6. 7x10- 5 » 


8.6x10-'"* 


Normand and 

Morellec (1980) 


He*2S^ 


2 


347.26 


7 xlO-*" 


2.7x10-'*' 


4.7x10-''* 


Lompre et al 
(1980) 


— 2S' 


2 




10-*" 


1.5x10-*'. 


2.9x10"*' 




Na 


3 


694.5 


-7 7 

4.3x10 


-77 

5 . 4x10 


-7 7 

6.7x10 


Cemranen et al 
(1975) 


K 


3 




2.8x10"" 


3.5x10'" 


4.4x10""'^' 




Bb 


3 




l.lxlO'" 


1.44x10""" 


1.97x10"^' 




Cs 

He*2S^ 


3 
3 


693 .7 


1.1x10'" 

— a 0 

5 xlO 


1.8x10"^' 

icr" 


2.9x10"^' 
4 xlO-" 


Bakos et al (1976) 


— 2S^ 

- 2S^ 


3 
3 


694.5 


1.4x10-"' 
8 xlO"'^ 


3.3x10-"^ 
3.0x10"" 


5,2x10"'° 
5.2x10"°' 


Lompre et al. 
(1980) 


Cs 


4 


1060.0 


6.3x10-*" 


1.0xlO-»«' 


1.6X10-'°^ 


Arslandbekov 
et al (1975) 




4 


1056.0 


4.7xl0-»" 


7.5x10-'°' 


1.03x10-'*' 


Normand and 

Morellec (1980) 


Na 


5 


1060.0 


4 xl0-»" 


1.26x10-' "4 xlO-'" 


Arslandbekov 
et al (1975) 


Xe 


11 


1060.0 


10-^^' 


10^" 


10-"* 


Arslandbekov and 
Delone (1976) 



+Data from J. Morellec, D. Normand, and G. Petite, Advances in Atomic and 
Molectaar Physics. (D.R. Bates and B. Bederson) V.18, p.sa-loa. 



JiiWXCW U I r k I tixjr ^^w^ • — — _ . 

Academic Press, New York 1982 a^^ xn unxt cm^ sec«--L 
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TABLE 2.2 



Numerical values for parameters O. , from 
fits to multiphoton ionization data in Table (2.1) 



Atoms 


N 


Y* (sec~^) 


2 1 
1 


* 1 
He 2S"^ 


2 


13 

1. 81x10"^ 


2.21x10"^^ 


* 3 
He 2S'' 


2 


a.TSxio-"-* 


7.50x10^^ 


Na 


3 


4.79x10^^ 


2.31x10"^^ 


Cs 


2 


1.05x10^^ 


5.83x10"^^ 
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Section (3) 

Classical growth rate of coherent a 

In laser plasma interaction, it is customary to consider light in a laser 
poise as a classical wave, and the classical wave can generate a classical 
coherent plasmon wave in plasma 

y y + 0c 

s= plasmon 

The plasmon wave can; of coarse, be quantized and treated as a quantum wave* 
Classical treatment, however, is well investigated/^* In multiphoton ioniza- 
tion of a sux)erfluid helium to generate coherent a particles 

nyCt) + mHe(p) ma(p')+me-(qO+(n-inN)y (3.1) 

it is interesting to treat all participants as classical waves: the light 
wave in the laser pulse, the coherent helium atoms in superfluid helium, the 
coherent a particles created by ionization, and the electrons. The electrons 
are fermions, and we treat two electrons coming from the ionization of helium 
atoms as a quasicompound state, which can be represented by a boson field, and 
then treated classically. The four waves are coupled through an effective 
coupling g^, which can be determined by the simple model for multiphoton 
ionization discussed in Section (2) The details are elaborated in Appendix A. 
The effective interaction Hamiltonian density for (3.1) is 

H = jdhi g^ 0 '^^HcE^ + h.c. (3-2) 

where 0^,0^,0hc are scalar field for a, (ev), and heUum respectively, and B 
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is the electric field of the photon. The corresponding Lagrangian density is 
-ga[WHe+ ^iA^jE" (3.3) 

where 

Cb = £i + 

is the combined binding energies of the first electrons £, and the second 
electron £2 tlie helium atom. 

The photon field is represented by its vector field A and m^ m^^ are the 
masses of the electron and the helium atom respectively. The Euler's equation 
can be derived as 

= - 2S^ ^a." + g„«„* E" 

4f = ■ 3si- + «a*;*„.E« (3.4) 

All the fields will now be treated classically. To solve these four 

differential equations simultaneously/'*>one shall treat the incoming wave 

A,0He large parts and the outgoing wave ^ , ^^as small parts. Then 

Of e 

dropping all higher order terms, Eq. (3.4) reduces to 
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A -C?V*A = o 

i^lf^ = ■ ^B*H. 

cc 

If we choose the plane wave solution 

EOt) = . -i- A(x) = i/l^ [e»^*] (3.«) 

and 

oc 

Then using the Fourier analysis on the wave equation, the following equadon 
for the various fields can be derived 



(3.8) 



where 

p' iE^c) ql= (4',iE;/c) (3.9) 

and the non-iesonant tenns have been ignored. 

From (3.8) the dispersion relation can be derived as 
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Setting 

and using the energy-momentum conservation 
Nfa2 + p = p' +5' 



NJ'«> + 2^ " 55^ + fe^ + «B (3.12) 

He .a 



then Eq. (3.10) gives 

The classical coherent a wave will then grow exponentially in time as 
exp(y t). 

d 
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Section (4) 

Transidon rate in quantum field model 

The interaction Hamiltonian described in the last section (3«2) can, of 
course, be used to calculate quantum mechanically the transition rates for 
producing coherent a particles. The transition rate Wi for the production of 
one cc particle by N photon from one helium atom: 

ny + He a + e" + (ii-N)y 

is 

^. - tSW (2^" ^ (4.1) 

For the producton of m coherent a particles from m coherent helium atom by n 
photons: 

ny(lc)+niHe^ ma^') + me"(q')+ (n-mN)y(^ (4.2) 

the transition rate is given by m order perturbation theory to be 

Wc = ^|^(E-E^Kf|H[^H]"''|^|^ (4.3) 

The calculation can be done easily^^^if J-funcdon approximadon is used to 
approximate the propagator, and we obtain 

^ a 

where is the interaction time for a single ionizadon process defined by 
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The interaction time Tm for creating m coherent a particle is Xi/m, By 
uncertainty principle, we have 



For a very small m, the quantum result for transition rate for producing 
coherent a particles can be expressed in terms of classical results as 



For m 1, the quantum result approaches the classical limit. Since m is, in 
general much bigger than one, the quantum transition rate is, in general, 
bigger than the classical result. In the last section, where numerical 
results are calculated, we take the conservative estimate and calculate 
only the classical growth rate. 

In order for coherent cc particles to be produced, a coherent condition 
has to be satisfied. This coherent condition cannot be obtained classically 
as is done in the last section. The classical growth rate calculation assumes 
automatically that the resulting a particles are in a coherent state. The 
quantum perturbation formalism (4.3) can be used to calculate the case where 
the a particles may or may not have the same momenta: 



ny(^+mHe(^a(pl) + - • +a(pi) +e"(q'i) + • • • +e-(qi) + (n-mN)y(Ic) (4.9) 



T„W, =.4 



(4.6) 



Substituting this into (4.4) and solving for W^, we get 




(4.8) 
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Th& transidoa rate is given to be 

W„=^(ErEi)K(n-mN)y,er--e„-ai---a„.|H[;^ H]"*'|mHw) P (^-lO) 
The result is 

■ /m^(Nhfi)-eB) (H-J7)(l+2i/)- • • [l+(m-l);/] (4.11) 

where 

The conditioa that all a share the same momentum state is 

mn > 1 (4.13) 
so that the transition rate W„ becomes Wc of Eq. (4.7) .This is similar to the 
condition where liquid helium becomes superfluid where the density and 
temperature has to satisfy the critical conditioii. This requires high denaty 
m/Vy , and low kinetic momentum of the dectron (or ion),, 

Pc = y2me(Nh<!t)-fiB) 

If we start off with superfluid heUum where the density is high and provided 
the excessive energy of the N photon above the binding energy of the helium 
atom is not too much. If the electron has energy on the average 0.5eV, the 
energy of a particle is mym^~ about eight thousand times smaller which is less 
than one degree Kelvin, so the a particles can become coherent. 
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Section (5) 

Electron - a particle Coulomb scattering 

The a particles are charged, and normally they repel one another* To 
have coherent a particles means that all the charged a particles have the same 
wave function. They pile on top of one another. This may soimd surprising at 
first. However, in an ordinary superconductor, the cooper pair of electrons 
also have the same negative charge. The cooper pairs, however, can form a 
coherent state because the nuclei provide a neutralizing background. Here we 
expect the electrons emitted from the multiphoton ionization process provide 
the neutralizing background for the a particles to become coherent. To be 
sure that this actually happens, we can calculate the electron-a Coulomb 
scattering and see whether it can destroy the coherence. 

To faciliate the calculation, we introduce the effective Hamiltonian 

for the elastic Coulomb scattering 

e-(v) + aiu) - a(u') + e-(vO (5-2) 

where v, u, v' ,u' are the velocities of the electron and a particle before and 
after scattering. The Coulomb elastic cross section is 



.^nA (5.3) 



m, ju-v| 
a = 1/137 

where A is the Coulomb logarithm. By equating the cross section calculated 
from (5.1) 
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we can determine the effective coupling g^. The transition rate of one 
electron with one a particle is 

with the number of final state to be 

the transition rate of one electron scattering off n coherent of particles: 

e-(y) + na(3) - (n-l)a(u') + a(o')+c-(vO (5.6) 

with one a particle in the final state having di^ent velocity u'is 

= nWj (5-7) 

In this sitoation the number of coherent a particles decrease by one, and the 
coherence will be gradually destroyed. However, one electron scatters off n 
coherent a particles, it is also possible that in the final state the n oc 
partxdes stay coherent: 

etv) + naCu) -» naCu') + e-(v') (5.8) 

The transition rate can also be calculated to be 

= = n^i/wi (5.9) 

In order that coherence is not destroyed, we require the ratio of two 
transition rates of (5.7) and (5.9) to be bigger than 1: 
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^ = m > I (5.10) 
" In 

This is the same condition as that for n coherent a particles to be produced 
in the first place by multiphoton ionization as discussed in Sec.4 Eq, (4.13). 

One can further consider the scattering of two electrons with coherent a 
particles: 

e-(vi) +c'(V2) +na(u)-*(n-2)a(u) + a(ui) +a(ui) +e-(vi) +e-(vi) (5. 1 1) 

with the breakup of coherence. The transition rate is 

W2„=n(n-l)flA^1 ^^ \l+ v^f^r 1 (5.12) 

where 1/771,1/^2 numbers for the two scattered electrons 

i = 1,2 

For the two electrons scattering elastically off n coherent a particles: 

e-(^f,)+ e-(^2)+ naCa') -» na(jS') +e-(vi)+e-(vi) (5.14) 

the transition rate is 

Wl^^ n^(n.l)^(l^)' I- (5.15) 

The ratio of coherent transition rate W^^ with the incoherent transition rate 
W2„is 

^^n(n-l)w[l^f^[^] V.,,A,,, (5.16) 
"2n L "ct |u-Vi| Iu-VjI jVj-Val J 
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For n electrons scattering with n coherent a-particle, the ratio of coherent 
transition rate with the incoherent transition rate W^^ is 

where % are defiiied by (5.13). The condition for mainteining coherence is 
basicaUy the same as (5.10). that of one one electron scattering off n 
coherent a particles. 
nJ7 > 1 

here l/n will be tihe average final state number of electrons. 
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Section (6) 
Plasma Instability 

To achieve coherence in the a particle, we require plasma 
instability to be negligible in the time scale (lO*** sec) we are 
considering. Plasma instability will heat up the electrons and/or the 
ions , and hence destroy coherence. 

There are three kinds of dominant plasma instability: stimulated Raman 
scattering (SRS), stimulated Brillouin scattering (SBS), and parametric 
instability that occurs in the interaction between laser and plasma: 

SRS: y(^) - y(]^) + (6.1) 
SBS: y(^-^y(^ +.^i(g) (6.2) 

PI: y(t) - + (6.3) 

where y, 4>i, 0^ photon^ ion accoustic wave and plasma wave. The initial 
momentum of the incoming photon is ^> and the two outgoing waves have moments 
^ and 2, as indicated inside the bracket. Our concern is to investigate the 

(4) 

classical growth rate y^ of these three insubilities and study where they 
are much smaller than lO^'^sec'^- The normal experience in laser-plasma 
interaction is that within the first cycles of a strong incoming laser 
pulse, matter will be ionized, and many cycles later plasma instability starts 
to develop, probably first SRS and then SBS. The details depend very much on 
the strength of the pulse, the polarization, the wave length, and the 
structure of the plasma. Let us study them one by one. 
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(1) SRS - Stunulated Raman Scattering 

The classical growth rate for SRS is given by 



where 



Ac =2c/|fp 



3g = polarization vector of the laser 

^2 =4jrn^ (6.7) 
n = number of photons in the laser pulse 

s volume of the laser pulse 

= mass of electron 
<Oo = frequent^ of the incoming laser pulse in vacuum 

as density of electrons in the plasma 
The density n„ of electron in the plasma keeps increasing as the helium 
is bemg ionized. The growth rate y%_ increases as n„*'Mectron density to 
its on&-fonrth power. As the electron density increases more so that the 
optical frequency is smaller than the plasma frequency (o^«o^ the laser light 
cannot penetrate the plasma, there will be no more plasmon created. If we set 
y to be the ratio of plasma frequency to optical frequency y = o>^<Oo, then 
the classical growth rate for plasmons can be expressed as 
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f(y) = /2-2y-y2+2^ n-2y)(l-y^) /y/d-y) (6.9) 

The maximum value of f(y) occurs at 

y = 3/8 and f(3/8) = 1.105 (6.10) 

Let us scale the photDn nomher n and the photon volume by 
n = y„ X 10»' 

Vy = y, X (6.11) 

we have 

vLx = Jh- ^ l<>"/sec (6.12) 

for the case when each photon in the laser pulse has energy hco^ = 1.2eV. 



(2) SBS: Stimulated Brillouin Scattering: 

Tfae classical growth rate for SBS where ion acoustic wave is generated is 

yI = y.[sin4-|2oX k.|]^ (6.13) 

where 

yo = ^ [m* [^]V(i-y^)]'^<yo (6.14) 

M = mass of the ion 

$ = angle of scattered photon with the initial photon 
= polarization vector of the photon. 
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The classical growth rate of ion acoustic wave is a function of the electron 
density in the plasma. When the electron clarity is small, plasma 
firequencyoipe « small, and y is smaU, the classical growth rate varies as 
electron density to the one third power n^"^. As electron density increases 
from ionization, it wiU reach a critical value when the laser cannot enter 
the plasma because its frequency o>„ is bigger than the plasma frequency. The 
ion acoustic wave wiU stop growing. The maximum classical growth rate occurs 
when y = i^ITZ, and we have the value to be: 

yi = X 5.88 X 1012/sec (6-15) 

At this point, the corresponding electron density is n^ = 5.2 x lOTcm'. 

(3) Parametric Excitation 

The incoming light wave will excite both plasmon 0^ acoustic wave 

We are interested in the strong coupling case where the growth rate is large 
compared with the frequency of the acoustic ion wave (y5> ><yj). For the 
strong coupling case, according to one well established way.W it can 
be calculated to give 

= [S« (i^j W<».(2.-«']" 

where we have 



.r^4-«^ (6.18) 

0>s = <^ 
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= temperature of the electron 
M = mass of ion 

a = polarization vector of incoming light 
k = Ic/k 

The growth rate y^i is also a function of electron density in the plasma. 
We take the maximum value: 

1 1/3 



Substituting the same scale variables as in (6.11), and take hco^ = 1.2eV, 
we have numerically 

y^= 4.04 X 10»ysec (6.20) 
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Section 7 

Recombination - Langevin's theory 

The ions, once created by multiphoton ionization process, may recombine 
with electrons. If the recombination rate is faster than the rate of creating 
ions, we have no ions left. One of the final requirements then that coherent 
ions are possible is that the recombination rate is slow. 

For low drasity electron lO'/cn^ 2:, th& theory of recombination is well 
studied both theoretically and exjwrimentall/^Bates et al call the dominant 
process a coUisional-radiative process. The collisional part is the three 
body collision e--e--He+ basically based on J.J. Thomson's theory. However at 
very high electron density which is about I(F/cm' in our case, the Thomson's 
theory does not apply, and there is very little ejcperimental work. The 
relevant theoretical firamework is due to Langevin. The Langevin theory^® 
gives the recombination coefficient as 

where z = charge of the ion, and Mt* f^i «e the mobiHty of the electron and 
ion respectively given by 




= collision time of the electron 
t£ >= collision time of the ion 

m. = mass of electron 

iDi ^ mass of the ion 
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The collision times are given respectively as 
t = 3 /m: (kTj3» 

L = 3 /m7 (kTj) 

Since the temperature ion is low and the electron temperature is much higher, 
o, (Ti< <Te), we have M9>Mi tbe electron term dominates and we have 

ze' V 2m« a^lnyl 

The pressure of the electron gas p^ = Qe^e estimated. If we take 

Te = 0.53eV, n^ = 4.4xlO^/cm^, we have recombination coefficient a and the 
recombination rate y = cm^ for the two processes: (I) electron recombines 
with' doubly charged ion and (II) with single charged ion: 

(0 e + Ht^+ e He'^+e 



(U) e + H* + e -» He+e 



to be 



yR(sec-*) o(cm'/sec) Pe(atm) 

0) l.lxlO"/lnA 4.85xl07lni4 3.7x10* 

(II)) 1.43xlO»Vln'^ 6.49xl(^VlnA 1.4x10* 

where InA is the logaiithim Coulomb cut-off term and is in the range of 2 to 
10, and is the recombination rate given by n«a. 
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Section 8 

Some numerical estimates 

We collect all our numerical estimates ftom the above section for 

comparison as follows: 

The classical growth rate for multiphoton ionization of helium: 



with the constant given by 

p = 1.175xl0» (He'2S0 
= 2.0x10? (He*2S3) 
from experiments on ionizing excited heUum atom from single (He*2S*) state or 
triplet (He*2S3) state. We shall use the fi value for singlet state in our 
latere discussion. 

The classical growth for creating plasmons (SR^ is 





that for creating ionic acoustic wave (SBS) is 




and that for creating plasmons and ion acoustic wave is 





The recombination rate is 



= 1.4xlO"/LnA 



lnA« 10 
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In order to produce a coherent a particle, we require the growth rate of the 
coherent a particle to be much larger than all the other growth rates: 



This is not difficult to achieve. For multiphoton ionization to occur in any 
significant rate, we have 



Since it is raised to N/2 power, a small increase in the intensity will 
ensure that multiphoton ionization overwhelms all the others. For example, if 
we have y^ yy 10"^ with £ = 0.14, N = 67, y^i ^ lO^Vscc.. then aU the 
plasma instability is suppressed by a factor of at least 10, so that the 
growth rate is 10^/sec or less. The cleanest way is to have a laser pulse 
with pulse duration t = lO'^Ysec, hcu = 1.2eV, focused on 10xlO//m^, so that 
yv = 10*^. Then we have the total energy of the laser pulse y^ = 10'* or 
n=10^^, which is about 20 nJ. If the laser pulse duration increases to 
x= lessee, we need the energy of the laser pulse increased to 200nJ. This is 
quite close to what can be achieved at the present state of the art. It is 
important to realize that we also do not want to have excessive energetic 
laser pulse because at a higher power rate, ionization will come from a 
different mechanism of electron tunneling through the potential barrier^^ and 
the ratio does not increase as power of N/2. The plasma instability will 
increase rapidly also. If we ever heat up either the electrons or ions by 
whatever medianism, the coherence of a particles will be lost. 



yci > y'l . a = c, i, ei 
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A ppendix : Determination of the effective coi^ling in the multiphoton 
ionization of helium atom 

la order to evahiate numerically the growth rate of coherent a, it is 
necessary that we have some estimate of the value of the effective coupling 
E . as defined in the Hamiltonian Eq. (3.Z). The ionization of helium atom to 
become a particle requires the ionization of two electrons so the process is 
slightly more complicated. Let ns first consider a simpler case of the 
ionization only one electron from some atom A and try to determine the 
effective coupling of multiphoton ionization of A: 

ny(^+A(phA+(p' )^e-(q' )+(n-N)y^ 
As we discuss in Section (2), the transition rate is 

^th X =^ fs. (A.2) 
If we use the effective Hamiltonian 

H = Jd'xCgeffi'eV'A^I+EN + h.cO (A.3) 
the multiphoton ionization can be calcualted m first order perturbation 
theory. The transition rate is easily evaluated to be 

^» = l^i^J ^ A^^iSS^ (A.4) 
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Equating (A.4) with (A.l), we obtain the effective coupling to be 

which are in terms of parameters g^, g*, Yt that are quantities genuinely in 
first order electromagnetic intereaction. 

Next, let us consider the ionization of two electrons 

ny(^)+He(p)^a^O+e-(Pi)+e-(Rj+(n-N)y (A.6) 

The two electrons are fermions while all other particles are bosons. The 
simplest efifective HamUtonian is 

H = l^HiiwU^wyj^^B^ + h.c.) (A.7) 
The transition rate is 

While retaining the fermioni character of electrons do no impede our quantum 
mechanical results as we just show, it is nearly impossible to use the 
HamUtonian (A.7), which contains fermionic electrons, to calculate 
classically. There is no classical analog of fermionic wave. The only way 
that we proceed along the classical treatment is to treat electrons as bosons 
as is done often in elementary quantum mechanical problems where the spin of 
electrons is neglected. In problems where the spin of electron does not play 
an important role such as in the multiphoton ionization case, the results 
should be approximately correct. The simplest Hamitonian we can construct for 
scalar electrons for two electrons ionization process 
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iiyOc)+He(pha(P')+e-(q')+(n-N)y(^ (A.9) 



IS 



H = \dH(s^i>y>\f>^&+ h.c.) (A.10) 
The two electrons are both scalar. We may treat them together as one boson 
fidd where its momentom q' is the sum of momenta of the two electrons. 
The individual momentum of each electron is lost in this treatment. This may 
make one we have underestimated the phase space of the final states in 
using (A.16) to calculate the transition rate. However, since it is only an 
effective Hamiltonian, any underestimation in the phase space will in included 
in the determination of the effective coupling. The transition rate from 
(A.10) is ^ven in terms of effective coupling by: 

and tb& total nxmiber of states in the final state is 



l/n = |f^/m,(Nha>-£B) (A.12) 

where t is the interaction time. 

Let us now determine the ionization rate of helium into two electrons and 
a using the modd that we discuss in Section (2): 

ny(Ic)+He^a(pO+e-(p,)+e-(R^+(n.N)y(g) (A.13) 

by a two-step model: 

Njy + He - He++ e" (A.14) 

Njy + He+ -» a+f (.A.15) 
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The helium atom first absorbs N| photon to become ionized into positively 
singly charged helium He"*" and an electron. Then the singly charged helium He"*" 
absorbs another N2 photon to become doubly charged a particle and an 
additional electron. The effective Hamiltonian for these two step processes 
is 

These effective couplings g| and gx determined via the method discussed in 
the beginning of this appendix to be 

81 - (A-17) 

& - [^]\ (A.18) 

Therefore the transition rate of multiphoton ionization of helium atom into 
two electrons and one a particle, as in (A. 13), is given by 

Wn^n^ = InrNJT[v^J'' /(N,ha)-£|)(N,faa).£:,) (A.19) 

where 

N = Nx + N2 

Si = ionization energy of the first electron (A.20) 
^2 = ionization energy of the second electron 

The two square roots at the end of the (A.19) reflect the momentum integration 
of the two electrons phase space in the final state sum. Hence in transition 
rate Wn^Nj'^® phase space of two electrons are properly accounted for. We 
equate (A.19) with (A. 11), we get the value of effective coupling g^ to be 
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= r^i^g2 (A.21) 



where 



So it is clear from the above that the effective coupling g^contains infoima- 
tion of each electron because of the excessive energies carried by each 
electron Niho-fi, , and N^o-fij are ej^Ucitly contained in (A.22)- Therefore 
there is reason to believe that a quasi-bound two electron Hamiltonian used 
in Section (3) may indeed contain all the important aspects of muMphoton 
ionization of a helium atom. 

The numerical values of various constants can be evaluated in the follow- 
ing way. We use the vahies of y. from Table (2.2) to calculate g. from the 
relation of the decay width with its coupling constant. 

y. = /2m,(N,ha>-e,) (A-23) 

Set Ni = 21, hO) = 1.2eV, «i = 24.588eV, we get 

p- (VcSs = 4.30x10^ (He*2S») 
= 1.92x10-7 (He2S3) 

Using these values of g., one calculates y. from (A.23), and substitutes its 
vahie into (A.21); one gets the coupling constant g^ to be 

g^ = (6xl(r^cmyeV)'*« x 2.2xlO-"cm5«eV (He'2S») 
= (lx20-"'cmVeV)»*« x 9.58 x lO'^cm^^eV (He'2S3) 
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jT_ Enhancement of Nuclear Fusion Rate From Coherent Bosons. 
Figure 1 is a diagrammatic viet^of an apparatus which, may be 
used with substances to create enhanced nuclear fusion. 
Cohereac heUum cluster beam, indicated by opea circles o is created at I by 
pressurizing superfluid helium through a nozzle with a diameter Dj = 2Mm into 
vacuum. Coherent deuterium cluster beam is created at JL by pressurizixig 
Uquid deuterium through a nozzle with a diameter D^^ into vacuumchamber 
indicated by soEd drcle The two beams merge to form one beam which is 
then expo sed to an ultra short laser palse(L). All the partic les in the 
cluster will be ionized to become coherent deaterons and a particles. The 
coherent deuterons then fuse to release nuclear energy. SI and S2 arc 
sidmmers. 
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The fusion rate of two deutcrons: 

d -r d - p -J- He, n-rt (1) 
is decreased exponentially by the Coulomb barrier exp(-G) with 
G =;r ✓ ( 2a a) 
a = 1/137 

= mass of dcuteron (2) 
a ~ distance of two deuteron at classical turning 
point 

The central question so far in controlled fusion is to increase the. 
fusion rate by decreasing a either through higher temperature or higher 
density, or both. In this paper we discuss an alternative approach of 
increasing fusion rate by collective effect of coherence. It is 
well-known in the stimulated emission processes of laser and' baser^^^ the 
transition rate of a given process can be greatly enhanced by the 
coherence of bosons involved. It is possible to apply this coherent 
enhancement factor to nuclear fusion. In particular we consider the 
fusion rate of two deuterons into oc particle and photon 

d + d - a + y (3) 
where the final particles are also bosons. Normally (3) is down by a 
factor of a (=1/137) from (2) due to its electromagnetic nature. 

(2) 

However the coherence of bosons in the final state will increase the rate^ 
for the electromagnetic process (3) far larger than that of (1). 

The enhancement factor can be calculated in two different ways: 
first by classical wave approximation, and then by quantum mechanical 
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calculation. The enhanceineiit can be further increased by the existence of 
additional a panicle in the initial state. Let us discuss them one by 
one: 

(a) Growth rate from classical wave approximation: 

(2) 

Let us take the results from our previous work^ ^ that coherent 
deuterons can be created from coherent deuterium by multiphoton process. 
Then the fiision reaction is that among coherent bosons: 

2nd(k^ - na(p) -i- n y(k) + 23.8MeV 

where k . p. k are the momenta of the deuteron, a particle and photon. 

o 

The phenomenological interaction Lagrai^ian among these particles is 

% = - g( <i>'ji A) - (4) 
where A are scalar fields for a panicle, deuteron and photon, 

and g is the effective coraling. From variational principle we can get a 
set of Langrange- equations for these fields: 

i&a*^/at = - l? ^Hj^^ + 2g A 

i&a*yat « - J2ni„ - c^ + g A (5) 

A - c^ A = -gc^[0^* + * ] 

Sm = 2m^j - = 23.85 MeV 
Using the technique that is well developed from the study of 
instabilities in laser-plasma interaction^^\ these- equations can be 
solved easily. First, the incoming deuteron is taken to be a classical 
plane wave: 

^d(x) = «o «P(- ^0-* ' ^o^^ 
and the outgoing electromagnetic wave and a particle arc expanded into 

fourier components : 

AOc) = J A e^ A(k) 



wo 93/11543 



43 



PCr/US92/10361 



0^(x) = f d'^k $^(k) (7) 
where k = ( k, <u) is the four vector. The frequency of the 
electromagnetic wave has a real part ck and an imaginary part y^j 

<a = ck + iy^j (8) 
which we identified as the classical growth rate. Substituting (6) - (8) 
into (5) the classical growth rate for the resonant solution is found to 
be 

= ng/Vv'(2/5m) (9) 
where V is the normalization volume. The coupling g can be estimated &om 
the transition rate of (3) by using (4) 

Tj = ^dmcrVia? (10) 
The transition rate is proportional to the Coulomb barrier factor 
exp(-G), and in general very small. The enhancement of nuclear fusion rate 
due to classical wave treatment is 

y^jj/rj = n i27tS?/da?c V r^)^^ (11) 

70 1 3 10 

If -Tj is 10"' sec* , V = 1^ , n = 2.2x10 , the enhancement factor is 

44 

quite considerable. The ratio y^jZ/^j is 8.0x10 . 

(b) Quannim mechanical enhancement: 

The transition rate of (3) can be evaluated explicitly in quantum 

mechanics by the usual perturbation ±eory^^^ to be: 

= 27r J(E^E-) 2 l<n7,aal H (1/JE Ijf'^ 1 2nd>l^ (12) 
h 

We use the approximation for the <5-fanction to be 

lit d(0) = J dt e^^^ - r 
where r is the interaction time. Then the transition rate for 2n coherent 
deuterons to fuse into n coherent oc particles and n coherent ganmia ray is 

= 1/2 (2n)! (n!)^[ gcnT/2VA2hck)]^^"^ Tj (14) 
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The enhancement factor (nl) (2n)! conies from the coherent states of ny, 
na, and 2nd respectively. The value of F^^ rapidly increases as n 
increases but its increase must be bound by the uncertainty relation Fj^r 
s 4 which can be used to evaluate (14). Then we have 

^n = ^cl^-^*^ ^^^^ 
The factor 2/e^ comes from the use of Sterling formula to approximate the 

factorial nl = (n/e)^. For very weak field or n -» 1, the above quantum 

medbanical result for the transition rate approached the classical growth 

2 

rate y ,. For large n there is a multiplicative enhancMnent factor n for 
the quantum mechanical result over the classical growth rate. For 
0=10^^ the multiplicative enhancement factor is 10^^. 
(c) The nuclear fusion rate can further be increased by providing a set 
of coherent a particle In the initial state. This is similar to the 
induced transition in laser process, the reaction we want to study has 
coherent deuterons and coherent a together in the initial state: 

IndQsi^ -i- n^oOP) - (n -i- Uj) a(p) 4- n y(k) (16) 
The existence of coherent a particles in the beginning induces the 
coherent deuterons to fuse into a much more readily.The quantum mechanical 
transition rate for the above process (16) can be calculated in similar way: 

r = (2n)!n!(n+n,)![gcnT/2V/(2£ick)^°"^ F. (17) 

Again using Sterling formula and uncertainty relation the enhancement factor 
can be evaluated to be 

^« « ^ = (1 + n,/ n) (n+nj)V" (18) 
K n = 10^^,^ and n = lO^'^, the enhancement factor of having cohcreni a 
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particles in the initial state over having no coherent a particles is about 

, which is 10^^^, a large enough factor to overshadow the effect of 
Coulomb barrier. 

To realize this experimentally one can sketch briefly an experiment of 
the following kind. As shown in Fig.(l) we can create coherent heUum clusters 
by pressurizing superfluid helium through a nozzle with diameter Dj= Ifim so as 
to create droplets of size of similar size/"^^ Superfluid dusters can also 
be obtained by pressurizing liquid deuterium through a nozzle to the 
vacuum region. Due to the rapid cooling of evaporation the temperature of 
liquid deuterium drops and becomes super cooled to form superfluid 
deuierium^^. These two kinds of coherent clusters can be made to coUide and 
the superfluid deuterium cluster will immerse inside the superfluid heUum 
ciusters^^. An ultra short laser pulse of the order 10 fs and en ergy of l iJ 
range is used to ionize the composite superfluid clusters. The laser pulse 
must be short enough so that plasma instability wiU not develop to destroy 
the coherence of the deuterons and a particles. The intensity of the laser 
pulse should be high enough to initial multiphoton ionization. The energy of 
the pulse must be just enough to ionize all the atoms and molecules but not 
much energy is left over to heal up the plasma^. Normally for a strong 
focused laser pulse on a small object ionization is completed in the 
first cycle of the wave or about lO'^"* sec. So in 10 fermto-second the 
superfluid heUum and superfluid deuterium will be ionized to form coherent 
deuterium and a particles. All the plasma instabiUties that we study in 
association with present available laser has a growth rate smaller than 
lO^^sec'^ and hence do not have time to develop. Due to the presence of 
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coherent a particles the coherent deuterons wiU almost immediately fase 1 
form coherent a and coherent photons with the release of nuclear energy 
we so eagerly seek after. 
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Claims 

1. A method for creating coherent bosons from atoms stored at- 
a tertperatxire determined by a critical condition of a 

5 majiltiphoton ionization process. 

2. A method for creating coherent bosons with mass from 
molecules stored at a terrperature determined by a critical 
condition of a multiphoton ionization process. 

3 . Hie method of any one of claims 1 or 2 wherein said bosons 
are one of deuterons or alpha particles and wherein said atoms 
or molecules are one of deuterixmi, deuterium coirpound or 
helium. 

15 

4. The method of any one of the preceding claims wherein the 
multiphoton ionization process is initiated by a laser ptxlse, 
the energy of the laser pulses after focusing being large 
enough to initiate multiphoton ionization, but not too large so 

20 as to heat up the plasma created, and destroy the coherence in 
the plasma. 

5. Hie method of claim 4 wherein the duration of the laser 
pulse must be short enough so that plasma instability does not 

25 have time to grow, and the recombination of the ions and 
electrons does not have time to proceed. 

6. A method for creating coherent bosons from superfluids ly 
using a multiphoton ionization process. 

7. The method of claim 6 wherein the coherent bosons are one 
of coherent deuterons or coherent alpha particles and wherein 
the superfluids are one of superfluid deuterium or superf Ixiid 
heliimi. 

8. A method for creating more than one kind of coherent bosons 
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by use of 

a) more than one compound at low temperature and 

b) by ncultiphoton ionization process. 

9. A method for the release of nuclear energy through the 
creation of coherent deuterons from deuterixjim, or its 
coitpounds, at low temperature which is to be determined by a 
critical condition by a multiphoton process. 

10. A method for the release of nuclear energy through the 
creation of coherent deuterons and coherent alpha particles 
from deuteriimi or its compounds with superf Ixxid helixam by a 
multiphoton ionization process, the coherent alpha particle 

1 5 inducing the coherent deuterons to fuse into coherent alpha 

peurticles and coherent garana rays with the release of nuclear 
energy, said method creating coherent gamma rays, vdiich is also 
called a gamma ray laser. 

20 11* A method for creating coherent bosons such as coherent 
deuterons or coherent alpha particles from atoms or molecules 
such as deuterium, deuterium con^und or heliimi stored at a 
sufficiently low temperature which is to be determined by a 
critical condition by multiphoton ionization process said 

2 5 method involving the steps of 

squeezing liquid helium through a nozzle from a high 
pressure region into a vacuum chamber thereby creating a beam 
of superflxjdd helim clusters; 

forming a deuteritam cluster beam by squeezing liquid 
30 deuterium through a nozzle from a high pressure region into a 
vacuxOT chamber; 

causing said two beams to collide wherein said two 
beams become -a single confound cluster beam; 

focusing a laser pulse into the compound cluster beam 
35 to initiate nuclear fusion reactions. 
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12. An apparatus for creating coherent bosons from atoms or 
molecxaes stored at a sufficiently low temperature that is 
determined by a critical condition by multiphoton ionization . 
process said apparatus comprising: 
5 a first chamber held at a first pressure; 

a second chamber held at a second pressure that is 
lower than said first pressure, . 

means for passing a substance from said first chairiber 

into said second chamber; 
10 a laser means for directing a laser beam on said 

substance after it has passed into said second chaniber and 
collided with another substance which has been passed from a 
first higher pressure to a second lower presstire. 
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